Annexin V, a protein with a high affinity and a strict specificity for aminophospholipids at physiologic calcium concentrations, was used to probe platelet activation and the development of procoagulant activity. Platelet secretion was studied in parallel using VH10, a murine monoclonal antibody specific for GMP-140, an a-granule membrane glycoprotein. Both proteins were labeled with fluorescein isothiocyanate and platelet activation was assessed by flow cytometry. Microparticles, which are shed from the platelet surface and also support procoagulant activity, were distinguished from platelets according to their associated light scattering signal. The relative ability of different inducers to trigger exposure of the procoagulant surface and microparticle formation was: ionophore A231 87 > thrombin plus collagen > collagen > thrombin. The density of aminophospholipid on microparticles was higher than on remnant platelets. Platelet activation by these agonists was accompanied by GMP-140 exposure, both on platelets and microparticles. Here, thrombin was the most efficient agonist.
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HE PLATELET RESPONSE to agonists leads to the T formation of the hemostatic plug and the development of procoagulant activity. The latter accelerates thrombin generation and the onset of coagulation. The procoagulant activity of platelets is linked to an increased exposure of phosphatidylserine on the outer leaflet of the plasma membrane,' a process that provides a catalytic surface where coagulation factors Va and Xa can bind and interact.* At the same time, enrichment of the outer leaflet of the platelet membrane in negatively charged phospholipids allows the assembly of the protein C-protein S system that has anticoagulant proper tie^.^ Changes in the phospholipid distribution during platelet activation are accompanied by the shedding of microparticles from the platelet membrane.4 Recent evidence shows that the microparticles can support both procoagulant and anticoagulant a~tivities.~ Studies on the development of procoagulant activity of platelets and, more generally, investigations into the mech-0 1993 by The American Society of Hematology.
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The mechanisms responsible for the above processes were investigated using E-64-d, a specific membrane-permeable inhibitor of Ca*+-activated protease (calpain); tetracaine, an activator of calpain; and N-ethylmaleimide and diamide, two sulfhydryl-reactive agents. These agents were added to platelets alone or before stimulation by agonists. Calpain activity was assessed by the hydrolysis of cytoskeletal proteins as determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Results showed that calpain activity is not essential for aminophospholipid translocation or for secretion. In contrast, although sulfhydryl-reactive agents alone can trigger procoagulant activity, they inhibit microvesicle formation and platelet secretion induced by the above agonists, suggesting that different mechanisms account for these phenomena. The use of annexin W in flow cytometry is a rapid method to assess procoagulant activity in platelets and the loss of phospholipid asymmetry in cell membranes.
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anism involved in the transbilayer movement of phosphatidylserine, have included the measurement of prothrombinase activity,'r6 digestion of phospholipids by specific phospholipases,l,' chemical labeling of phospholipids by membrane-impermeable agents,' and the direct application of physico-chemical methods such as electronic spin resonance (ESR)9 and fluorescence." Results from such studies have led to the hypothesis that a specific transfer protein, termed the aminophospholipid translocase, maintains amino phospholipids within the inner leaflet of the plasma membrane of resting cells. I Recently, much attention has focussed on the detection of activation-dependent markers on platelets by flow cytometry. Such studies have used monoclonal antibodies (MoAbs) directed against determinants uniquely expressed on the activated platelet surface." Studies have included the use of antibodies to GMP-140 (or PADGEM), a glycoprotein exclusive to the membranes of a-granules and expressed on the platelet surface after secretion and membrane f~s i o n .~, '~, '~ Others have used antibodies to conformation-dependent epitopes on glycoprotein (GP) IIb-IIIa complexes expressed as a primary response of platelets to physiologic agonist^.^!'^,'^ The procoagulant activity of platelets has been assessed using an MoAb against the light chain of factor Va.4*13 One of the major advantages of flow cytometry is that platelet activation and microparticle formation can be assessed simultaneously.
In this study, we show that platelet activation leading to the development of procoagulant activity and microparticle shedding can be probed using annexin V, a placental protein with a high affinity and a strict specificity for aminophospholipids in the presence of physiologic calcium concentrations. "4' Platelet secretion was assessed in parallel using VH10, a murine MoAb specific for GMP-140. These probes were directly labeled with fluorescein-5-isothiocyanate (FITC) and used in flow cytometry. We have also examined the respective roles of aminophospholipid translocase and calpain For personal use only. on October 30, 2017. by guest www.bloodjournal.org From (calcium-dependent protease) in these processes. As both of these enzymes have been postulated to depend on a free thiol group at their active site,11,'8 we examined the action of sulfhydryl-reactive agents N-ethylmaleimidel' and diamide:0,21 alone or in the presence of agonists, on the platelet response. In addition, the effects of tetracaine, which is known to activate calpain and to promote procoagulant activity in platelets: ' and of E-64-d, a specific membrane-permeable inhibitor of ~a l p a i n ?~ were also studied. Although they confirm a role for free sulfhydryl groups in platelet function, our results suggest that the expression of procoagulant activity and microparticle production involve different processes; they also show that annexin V is a n excellent probe for assessing aminophospholipid exposure on platelets.
MATERIALS AND METHODS

Materials.
Prostaglandin El (PGE,), bovine serum albumin (BSA, fatty acid free), dimethyl sulfoxide (DMSO), apyrase (grade l), diamide, tetracaine, and N-ethylmaleimide were purchased from Sigma Chemical Co (St Louis, MO). Human a-thrombin was obtained from Ortho Diagnostic System Inc (Raritan, NJ); collagen (equine tendon) from Hormon-Chemie (Munich, Germany); and ionophore A23 187 from Calbiochem (La Jolla, CA). FITC was from Aldrich (Strasbourg, France). E-64-d was the generous gift of Dr K. Hanada (Taisho Pharmaceutical Co Ltd, Omiya, Japan). A23 187 and E-64d were dissolved in DMSO as stock solutions.
Annexin V was prepared from human placenta according to the procedure of Funakoshi et al," and was shown to be monodisperse by neutron lowangle scattering. The purified protein migrated as a single band of apparent molecular weight of 36 Kd by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The protein was further characterized by determining its isoelectric point (PI = 4.Q and by sequencing peptide 26 1-270 present only in placental anticoagulant protein I (annexin V)F4 The protein was stored at -70°C as a 2.2 mg/mL solution in 50 mmol/L Tris-HC1, 0.1 mol/L NaCl buffer, pH 7.5. In a typical labeling experiment, 16.7 nmol of annexin V, gel-filtered on a PDlO column (Pharmacia France, St Quentin-enYvelines, France) equilibrated in 20 mmol/L borate, 0.15 mol/L NaCl buffer, pH 9.5, was incubated overnight at 4°C with FITC at a molar ratio of 100 (FITC/annexin V). Unbound FITC was separated by gel-filtration on a PDlO column equilibrated in 50 mmol/L TrisHCl, 0.15 mol/L NaC1, pH 7.4. The FITC-labeled protein was eluted in the void volume and dialyzed for 48 hours against the same buffer at 4°C. The MoAb VHlO was prepared in Bordeaux as a result of a collaboration between the URA 1464 CNRS and the Centre Rkgional de Transfusion Sanguine of Bordeaux. The procedures used will be reported elsewhere (V. Jallu, D. Pintigny, J. Chevaleyre, G. Vezon, and A. T. Nurden, manuscript in preparation). In brief, Balb/c mice were immunized by repeated injections of washed platelets previously activated by a-thrombin. Spleen cells were fused with the myeloma X63 Ag8 6.5.3 in the presence of polyethylene glycol. Antibody screening was performed by standard enzyme-linked immunosorbent assay (ELISA) and "dot blot" procedures using paraformaldehyde (PFA)-fixed thrombin-activated platelets. Selected wells were subcloned by limiting dilution and ascites fluid prepared using pristaneprimed Balb/c mice. VH 10 recognized thrombin-activated platelets, but failed to bind to unstimulated platelets. It bound to a protein of 140 Kd (unreduced) on Western blotting that was also recognized by S12, a well-characterized MoAb to GMP-140.'' VHlO IgG were purified by affinity chromatography on protein A-sepharose CLAB (Pharmacia). FITC-labeling of the purified IgG was performed as described above for annexin V, but at a FITC/protein molar ratio of Preparation and fluorescence labeling of proteins.
12 and with an incubation time of 4 hours at room temperature. The FITC/protein molar ratio was calculated using the following extinction coefficients: c495 = 78,000 mol/L-' cm-I for FITCr5, = 14 for VHlO. The molar concentration of annexin V was deduced from its amino acid composition. The FITC/protein molar ratio was 3.5 to 6.5 for annexin V and 2.4 for VH10.
Blood collection and preparation of washed platelets. In a typical experiment, venous blood (1 5 mL) was obtained from healthy volunteers and anticoagulated with National Institutes of Health (NIH) formula A acid-citratedextrose solution (1 part anticoagulant:6 parts blood). Platelet-rich plasma (PRP) was prepared by centrifugation at 18Og for 15 minutes at room temperature. Platelets were isolated according to the procedure of Sims et a13 In brief, apyrase (25 pg/ mL) and PGE, (0.1 pg/mL) were added to the PRP, which was then centrifuged for 15 minutes at 850g. The platelet pellet was resuspended in 145 mmol/L NaCl, 4 mmol/L KCl, 0.5 mmol/L MgCl,, 0.5 mmol/ L sodium phosphate, 0.1% (wt/vol) glucose, 0.1% (wt/vol) BSA, 5 mmol/L PIPES, pH 6.8 (buffer I), containing apyrase and PGEl. Platelets were then applied to 10 mL sepharose CG2B (Pharmacia) equilibrated in buffer I. Platelets eluting in the void volume were adjusted to 5 X 107/mL in 137 mmol/L NaCI, 4 mmol/L KCl, 0.5 mmol/L MgClz, 0.5 mmol/L sodium phosphate, 0.1% (wt/vol) glucose, 0.1% (wt/vol) BSA, 10 mmol/L HEPES, pH 7.4 (buffer 11). On occasion, PRP was directly gel-filtered on sepharose CL-2B equilibrated in buffer 11. Platelets eluting in the void volume were adjusted as described above.
Platelet activation and microparticle formation. Gel-filtered platelets, adjusted to 5 X lo7 cells/mL in buffer I1 containing 2 mmol/ L CaC12, were incubated without stirring for 10 minutes at 37°C in the presence of the following agonists: ionophore A23 187 (1 to 4 pnol/L), thrombin (0.1 to 0.5 U/mL), collagen (5 or 10 pglmL), or a combination of thrombin plus collagen (see text). With ionophore A23187, the final concentration of DMSO did not exceed 0.05% (vol/vol) and platelet lysis, as determined by lactate dehydrogenase release, was not observed. Agonist concentrations were chosen to give maximum platelet responses under the experimental conditions. Samples (100 pL) of stimulated or control platelets (5 X lo6 cells) were then incubated with annexin V-FlTC (140 nmol/L) or VH10-FITC (1 1 nmol/L) for IO minutes at room temperature. The annexin V-FITC and VH 1 0-FITC concentrations were predetermined from saturation curves obtained for (1) platelets and (2) shed microparticles after platelet activation by A23 187 (for annexin V-FITC) or thrombin (for VH10-FITC). As some members of the annexin (lipocortin) family have been reported to be collagen-binding 1 mL of 5 X lo' platelets incubated with the thrombin plus collagen combination, or collagen alone, were reapplied to 10 mL of sepharose CL-2B equilibrated in buffer I1 containing 2 mmol/L CaC12 and the gel filtration repeated to eliminate the agonist@). Platelets were collected and labeled with annexin V-FITC or VHlO-FITC. Binding was not different from that observed in the presence of the agonist@). No labeling of platelets or microparticles with annexin V was detected in the presence of 2 mmol/L EDTA.
Samples were analyzed using a Becton Dickinson FACScan flow cytometer (Becton Dickinson, Le Pont de Claix, France). The light scatter and the fluorescence channels were set at logarithmic gain. The forward angle light scatter setting was EOO, with a threshold of 16. Figure 1 shows dot plots of side versus forward angle light scatter for nonactivated platelets and platelets exposed to the calcium-ionophore A23187. It can be clearly seen that a new population of smaller particles has appeared after activation. The forward angle light scatter versus fluorescence of bound annexin V-FITC is shown in Fig 2. Microparticles (Rl) and platelets (R2) are distinguished according to their associated light scattering. The lower limit of the platelet gate was defined on the forward angle light scatter histogram of the ionophore-treated platelet suspension because these platelets have a smaller size compared with nonactivated control platelets (Figs 1 and 2 ). The microparticles and/or debris and machine noise calculated for nonactivated control platelets incubated at 37°C for IO minutes or 1 hour (as a control when thiol-reactive agents and calpain inhibitor were studied, see below) did not exceed 1% to 2% of the total particles. Where possible, a total of 10,000 particles was analyzed in each of the defined regions to have a better definition of the mean fluorescence of platelets and microparticles, respectively. Mean fluorescence intensities were expressed in linear mode using LYSIS I1 software (Becton Dickinson). For personal use only. on October 30, 2017. by guest www.bloodjournal.org From conditions. In the case of E-64-d, the final concentration of DMSO was 0.02% (vol/vol). Parallel control incubations in the absence of the above agents were always performed. Incubations of platelets with agonists were performed as described above (see also Results). One milliliter of gel-filtered platelets (5 X lo7 platelets) was incubated at 37°C with agonists or sulfhydryl-reactive agents or tetracaine or E-64-d as for the flow cytometry experiments. Then, 0.2 mL of 20 mmol/L TrisHCl, 150 mmol/L NaC1,30 mmol/L EDTA, pH 7.4, was added and the platelets were pelleted by centrifugation. Each pellet was resuspended in 100 pL of 20 mmol/L Tris-HC1, 5 mmol/L EDTA, 5 mmol/L dithiothreitol, 2% (wt/vol) SDS, pH 7, and incubated for I hour at 37°C for denaturation and disulfide reduction to occur. Fifty microliters was loaded on 7% polyacrylamide slab gels and electrophoresis was performed according to procedures described by Nurden et a1?6 Proteins were revealed by Coomassie blue R250 staining?' Evaluation oJ calpain activity by SDS-PAGE.
RESULTS
Use of annexin V-FITC to detect agonist-induced exposure
of aminophospholipids on platelets and microparticles. Gelfiltered platelets were activated with different agonists at 37°C and aminophospholipid exposure assessed with annexin V-FITC. The fluorescence versus forward light scatter representation was selected because both cell size and annexin V-FITC fixation are assessed (Fig 2) . For ionophore A23 187, most of the platelets bound annexin V and maximal binding was seen with 2 to 3 pmol/L of this agonist (R2 in Fig 2F) . Note how the fluorescence intensity has shifted to the right. Such a result suggests that appreciable aminophospholipid exposure has occurred. The corresponding fluorescence histogram is shown in Fig 3B. A sharp symmetrical profile is seen. When platelets were activated with the other agonists, the presence of a specific subpopulation expressing maximal binding of annexin V was again clearly observed (Fig 2) . However, this subpopulation vaned in density according to the sequence: thrombin + collagen > collagen > thrombin.
The corresponding mean fluorescence intensities are given in Table 1 . The remaining platelets showed less annexin V binding. Figure 3D illustrates the fluorescence histogram (R2) for platelets activated by the thrombin + collagen combination (0.1 U/mL and 10 pg/mL, respectively). The presence of two populations is clearly shown. The peak corresponding For personal use only. on October 30, 2017. by guest www.bloodjournal.org From to the subpopulation expressing maximal annexin V binding is to the right of the profile. This peak is somewhat asymmetric. In fact, with the thrombin + collagen combinations and unlike A23187, careful examination of the profile for annexin V-labeled platelets suggests that two closely situated populations are present (Fig 2) . This asymmetry makes it difficult to compare the mean fluorescence intensities with that of the narrow histogram for ionophore A23 187-activated platelets.
The activated platelets shed microparticles that were also labeled with annexin V-FITC (R1 in Fig 2) . The production of microparticles depended both on the nature of the agonists and on their concentrations. Figure 2 clearly shows that the sequence of agonist efficiency for the formation of microparticles was: ionophore A23 I87 > thrombin + collagen at all concentrations tested > collagen > thrombin. In Fig 3 are shown the fluorescence histograms of microparticles labeled with annexin V for platelets activated with ionophore A23 187 and with the thrombin + collagen combination. The narrow and symmetrical histograms are suggestive of a homogenous population of microparticles labeled with annexin V-FITC. The mean fluorescence intensities are given in Table 1 . It can be seen that the high dose of thrombin (0.5 U/mL) and A23 187 (3 pmol/L) induced microparticles with the highest mean fluorescence intensity. However, microparticles derived from platelets stimulated with different amounts of thrombin + collagen showed only a limited variation in mean fluorescence intensities ( Table 1) . Although the number of microparticles vaned somewhat (Fig 2D and E) , the synergic effect of collagen and thrombin was such that the expression of aminophospholipid and the microparticle formation were always greater than with each reagent alone (Fig 2) .
Detection of platelet secretion using the MoAb VHIO-FITC to GMP-140. GMP-140 expression on the activated platelets and microparticles was analyzed with VH IO-FITC. Figure 4 illustrates typical fluorescence histograms of VH 10-FITC bound to microparticles (Fig 4A and C) and to platelets ( Fig  4B and D) activated by the ionophore A23187 (3 pmol/L) and by thrombin (0. I U/mL) + collagen (10 pg/mL). The histograms were again fairly symmetrical, and showed that the bulk of the activated platelets expressed GMP-140 on their surface. The relative efficiency of the agonists to induce GMP-140 expression as detected by the mean fluorescence intensities of the corresponding fluorescence histograms was of the order thrombin > thrombin + collagen > ionophore A23 187 > collagen (Table 2) . This is quite different from the results for annexin V-FITC binding, showing that secretion and aminophospholipid exposure are not coordinated events. Furthermore, platelet subpopulations not expressing GMP-140 were not encountered, except with collagen, which, under our experimental conditions (in the absence of stirring), induced less GMP-140 expression on platelets than the other agonists. As with annexin V, microparticles were also labeled by VH IO-FITC (Fig 4A and C) , showing that they too contain GMP-140 on their surface. Here, similar mean fluorescence intensities were seen whatever the agonist ( Table 2) .
Sulfhydryl-dependence of aminophospholipid exposure and secretion during platelet activation. Both aminophospholipid translocase and calpain activities have been shown to depend on a free thiol group, which can be alkylated by Nethylmaleimidel' or oxidized by diamide.20.2' Calpain can also be activated by tetracaine, which has been shown to promote procoagulant activity in platelets.22 Flow cytometry showed that incubation of platelets with each of these agents was followed by aminophospholipid exposure and significant binding of annexin V (Table 3) . One explanation for these findings is that the aminophospholipid translocase was inhibited. Nonetheless, significant formation of microparticles did not occur (see below). Platelets incubated with diamide or tetracaine were not labeled with VHlO-FITC, showing that secretion had not occurred (results not shown). N-ethylmaleimide was an exception, for here some labeling with VHIO-FITC was seen, indicating at least a partial secretory response (results not shown).
The influence of these agents on the platelet response to agonists was then examined. Experiments were performed in which platelets were first incubated with N-ethylmaleimide, diamide, or tetracaine, and then activated with ionophore A23 187. Preincubation of platelets with these agents prevented or dramatically reduced microparticle formation induced by ionophore A23 187 (Fig 5) . As a consequence, mean fluorescence intensities of annexin V-FITC bound to platelets after incubation with either of these agents (with or without ionophore A23 187) tended to be greater than with the ionophore A23187 alone (Table 3 ). This may be expected if microparticle shedding involves the loss of surface-exposed aminophospholipids. Preincubation of platelets with diamide or tetracaine before activation by the various agonists did not result in VH IO-FITC binding, suggesting that secretion was inhibited (results not shown). The fact that N-ethylmaleimide alone induced VH IO-FITC binding prevented its use here.
The role of calpain in microparticle formation and the development of procoagulant activity was next assessed. As previously calpain activity resulted in the degradation of filamin (actin-binding protein), talin, and myosin with the appearance of a limited number of high molecular weight hydrolysis products when platelet proteins were analyzed by SDS-PAGE (Fig 6) . Most hydrolysis was seen when platelets were incubated with ionophore A23 187 in Ca2+-containing buffer. The extent of hydrolysis was dependent on the agonist and decreased according to the sequence: ionophore A23187 > thrombin + collagen > collagen. No hydrolysis was observed with thrombin alone, confirming a finding previously reported for unstirred platelets by Fox et aL2* Interestingly, no calpain activity was detected with any agonist when the platelets were incubated in buffer in which divalent cations were replaced by EGTA (Fig 6) . This suggests that agonist-mediated influx of extracellular Ca2+ was responsible for calpain activation.
When platelets were incubated with tetracaine, the three cytoskeletal proteins were degraded, both when platelets were suspended in the presence of Ca2+ (Fig 7) or EGTA (result not shown). Such a result suggests either a direct action of tetracaine on the enzyme and/or the mobilization of internal pools of Ca2+. The remaining experiments were performed on platelets incubated in buffer I1 in the presence of calcium. No change in the protein pattern was observed with N-ethyl-
SDS-PAGE of platelet proteins.
For (Fig 7) . When added to platelet suspensions, diamide induced extensive cross-linking of cytoskeletal proteins. This occurs through the oxidation of sulfhydryl groups and the formation of disulfides. Despite the fact that electrophoresis was performed under reducing conditions, some crosslinked high molecular weight polymers remained undissociated when diamide-treated samples were analyzed (Fig 7, see the additional band close to the top of the gel). This high molecular weight band was stronger under nonreducing con- Platelets were incubated with different agonists, flow cytometry was performed, and secretion was assessed by the binding of the MoAb VHlO-FITC to GMP-140. both on platelets and on microparticles. Ten thousand cells were acquired in R1 and R2 as defined in Materials and Methods. Most of the activated platelets bound VH1 0-FITC, except when collagen alone is the agonist, for which the mean fluorescence is close to that corresponding to nonactivated, control platelets.
Abbreviation: ND, not determined.
Fluorescence Fluorescence ditions when the three high molecular weight cytoskeletal proteins were no longer present (result not shown). When platelets preincubated with diamide were further activated by ionophore A23 187, or thrombin (0.1 U/mL) + collagen ( I O pg/mL), calpain was no longer activated, as shown by the absence of any change in the protein pattern and by the absence of degraded forms of filamin, talin, and myosin ( Fig   Culpuin- dependence of the aminophospholipid exposure and secretion. E-64-d, a specific membrane-permeable inhibitor of ~alpain,*~ was next used. E-64-d is derived from E-64, a potent inhibitor of cysteine proteases, and has been shown to react irreversibly with the thiol group at the active site.29 SDS-PAGE of platelet proteins confirmed that incu- Platelets were incubated for 1 hour at 37°C with N-ethylmaleimide (NEM; 5 mmol/L), diamide (5 mmol/L), or tetracaine (2 mmol/L), followed by 10 minutes of incubation with or without ionophore A23 187 (4 pmol/ L). Samples were analyzed by flow cytometry as detailed in the legend to Table 1 (Fig 8) . Parallel studies showed that incubation of platelets with E-64-d before activation with ionophore A23 187 3 pmol/L, dramatically reduced the extent of microparticle formation (Fig 9) . Despite this inhibition, the ionophore A23 187-treated platelets bound annexin V-FITC and the corresponding histogram exhibited a higher mean fluorescence intensity than in the absence of E-64-d (932 instead of 820 for this experiment). Thus, E-64-d was clearly inhibiting microparticle formation, but not the surface expression of aminophospholipid. With respect to secretion, flow cytometry showed that a subpopulation of platelets was not labeled with VH IO-FITC, suggesting a partial inhibition of the secretory response (results not shown).
7).
DISCUSSION
Procoagulant activity in platelets and in other cells arises from the increased exposure of anionic phospholipids at the outer leaflet of the plasma membrane after cell stimulation or cell damage.30 The loss of membrane asymmetry might result from local perturbation of the bilayer structure after membrane fusion, accompanied by scrambling of the amino species to the outer leaflet of the plasma membrane." Alternatively, the transfer has been associated with enzymatic activity and a role for both calpain and aminophospholipid translocase has been pr~posed.'',~' However, as aminophos- pholipid translocase has yet to be isolated, its potential role can only be studied by probing or quantifying anionic phospholipids on the outer leaflet of the plasma membrane. Total or partial inhibition of the enzyme should result in increased exposure of amino species, whereas their disappearance would reflect an active enzyme.32
Recently, annexin V was shown to bind to activated platel e t~.~~ Moreover, in the same study, it was shown that (1) phospholipid vesicles containing phosphatidylserine completely inhibited binding of annexin V to platelets, whereas those containing phosphatidylinositol were without effect; and (2) annexin V completely blocked the binding of '251-labeled factor Xa to activated platelets. Studies from our laboratory also show that annexin V inhibits factor Xa-Va activity on prothrombin in the prothrombinase assay (J. Dachary-Prigent and J.-M. Pasquet, unpublished data). Overall, the available evidence strongly suggests a competition between annexin V and the factor Xa-Va complex for the negatively charged phospholipids exposed on the platelet membrane after activation. Our present study shows that, when coupled to FITC, annexin V can be used to probe procoagulant platelets and derived microparticles by fluorescence-gated flow cytometry. We have compared different agonists and different agonist concentrations with respect to their ability to induce platelet procoagulant activity as detected by annexin V-FITC binding to the activated platelet surface. Experiments were performed in parallel with the MoAb VHlO directed against GMP-140 secreted from the a-granules. VH 10 provided another in- --I dependent probe of platelet activation. It was found that both procoagulant microparticles and platelets can be detected and labeled with annexin V and VHIO. The sequence of agonist efficiency to induce annexin V binding to platelets was: ionophore A23 187 > thrombin + collagen > collagen > thrombin (Fig 2) . The same order has been found for agonist-induced generation of platelet prothrombinase activity.' In our hands, 2 to 3 pmol/L of ionophore A23 187 were necessary to achieve maximal expression of aminophospholipids; under these conditions, all platelets bound annexin V-FITC with maximal fluorescence.
Microparticle formation was also shown to be agonist dependent (Fig 2) . The ionophore A23187 was the strongest inducer and the mean fluorescence intensity of the corresponding microparticles suggests that these particles contained a higher density of aminophospholipid than those induced by the thrombin + collagen combination. Interestingly, thrombin at 0.5 U/mL also generated microparticles that were highly labeled by annexin V-FITC, even through the number of particles was much less than when thrombin was combined with collagen. Thus, it appeared that microparticles derived from platelets stimulated with different agonists showed variation both in their number and in aminophospholipid expression. Considering that the ratio of the mean fluorescence intensity of platelets versus that of microparticles is about 2.5 to 3 (Table l) , whereas the ratio of their sizes may be reasonably postulated to be about 5 to 10 because most of the remnant platelets were in the second decade of the forward light scatter axe and microparticles were situated in the first half of the first decade (Fig 2) , it is highly probable that the density of aminophospholipid on microparticles is higher than that on remnant platelets.
! a
The amounts of VHIO-FITC that bound to activated platelets were also agonist dependent, but here the order was thrombin > thrombin + collagen > A23 187 > collagen (Table   2 ). This sequence may be explained in part by the fact that thrombin, which alone induced only limited microparticle production, is a highly efficient inducer of a-granule secretion. In contrast, collagen-induced release may require stimng and platelet to platelet contact. The ionophore A23 I87 induced the formation of the greatest amount of microparticles. Therefore, the relative lack of GMP-140 expression on ionophore-activated platelets is interesting. It may be that as the number of microparticles formed from each platelet increases, the less residual GMP-140 remains on the platelet surface, and consequently the less the platelets are labeled by the antibody. Alternatively, the ionophore A23 187 has been shown to be a relatively poor inducer of the release reaction when platelets are stimulated under nonstirred condition^.^^ Thus, the extent of VH IO binding to both platelets and microparticles will depend both on the degree of microparticle production and on the extent of the release reaction. It is of considerable interest that the microparticles contain GMP-140. Although the precise mechanism responsible for their formation is unknown, the presence of GMP-140 implies that their formation continues during and/or after secretion.
The use of annexin V and VHlO as probes for aminophospholipid exposure and secretion allowed further insights into the mechanisms involved in these platelet responses. Platelets that had been incubated with N-ethylmaleimide, diamide, or tetracaine were labeled with annexin V-FITC ( Table 3 ), suggesting that a translocation of aminophospholipid to the platelet surface had occurred. Such a result is in For personal use only. on October 30, 2017. by guest www.bloodjournal.org From agreement with other studies.21,22 This transfer may be due to direct inhibition of the aminophospholipid translocase or, alternatively, to disruption of the bilayer structure of the membrane after the insertion of these agents. Significantly, the translocation of aminophospholipids, which was of the same order if not greater than that induced by the ionophore A23 187, was not accompanied by a large-scale formation of microparticles. In addition, when ionophore A23 187 was added to platelets preincubated with these agents, the normal ionophore-induced formation of microparticles was dramatically reduced (Fig 5) . At the same time, the annexin V-labeling remained fairly unchanged as compared with that of the controls (Table 3) . These results clearly show that aminophospholipid exposure is not necessarily associated with microparticle shedding. Interestingly, SDS-PAGE of platelet proteins confirmed that calpain was no longer activated by ionophore A23187 (Fig 7) . Therefore, it is possible that calpain was inhibited by these agents, or that they were interfering with the processes leading to its activation.
When platelets were preincubated with E-644, a specific membrane-permeable calpain inhibitor, it was shown by SDS-PAGE that ionophore A23 187-induced degradation of cytoskeletal proteins no longer occurred. A similar finding was observed for the thrombin + collagen combination (Fig 8) .
Interestingly, microparticle formation was strongly inhibited when platelets were preincubated with E-64-d and activated with A23 187 (Fig 9) , a finding confirming previous observations from prothrombinase activity measurement^.^^ This suggests a role for calpain in the production of microparticles. At the same time, ionophore A23 187-treated platelets continued to be labeled with annexin V-F'ITC (Fig 9) , indicating that aminophospholipid exposure was not changed, whereas calpain was inhibited. Comfurius et a132 have previously stated that calpain was not involved in the translocation of anionic phospholipids on the basis of prothrombinase activity measurements. Occasionally, we observed that E-644 alone could induce annexin V binding to a fraction of the platelet population (results not shown), implying that the aminophospholipid translocase can be inhibited by this agent.
Tetracaine behaved differently from ionophore A23 187 under our experimental conditions in that it induced the degradation of cytoskeletal proteins when incubated with platelets resuspended in EGTA-containing medium. This suggests that it was more effective than ionophore A23 187 in mobilizing intracellular stores of Ca2' under our experimental conditions, or that it had a direct effect on calpain. However, tetracaine was also an inhibitor of ionophore-induced shedding of microparticles. This showed that activation of calpain and degradation of cytoskeletal proteins did not automatically lead to microparticle production. Another, tetracaine-sensitive step, appears to be required. The stimulatory effect of tetracaine on calpain was inhibited by E-64-d (Fig 8) . Tetracaine is already known to promote procoagulant activity in platelets,22 probably by direct perturbation of the lipid order with consecutive changes in the orientation of membrane phospholipid^.^^ An increase in calcium uptake has been described for another local anesthetic, dibucaine,37 suggesting that aminophospholipid exposure induced by these agents may arise from the combined action of changes in membrane fluidity and aminophospholipid translocase inhibition.
Thus, our results show that microparticle formation induced by the agonists was inhibited by sulfhydryl-reactive agents, including E-64-d, a specific calpain inhibitor. A concomitant inhibition of calpain degradation of cytoskeleton proteins by these agents was demonstrated. So, it is tempting to correlate both activities, as was done by Fox et al. 28335 However, it has been shown that platelets and erythrocytes from a patient with the Scott syndrome (an inherited defect of platelet procoagulant activity), in which calpain activities are normal compared with control cells, also have a defective Ca2+-induced microparticle f~r m a t i o n .~,~~ This suggests an alternative hypothesis, that microparticle formation may also depend on the integrity of another cysteine-dependent enzyme(s) sensitive to thiol-reactive agents (and tetracaine), for such inhibitors may not exhibit an absolute specificity towards ~a l p a i n .~~ Platelets preincubated with N-ethylmaleimide, diamide, or tetracaine can no longer undergo secretion in response to agonists, as was shown by the absence of binding of VH10-FITC, an MoAb to GMP-140. The antagonist effect of diamide and of local anesthetics on platelet aggregation and secretion has already been r e p~r t e d .~~.~' A partial inhibition of agonist-induced secretion by platelets preincubated with 0.15 mmol/L E-64-d observed in this study is in agreement with previous results showing inhibition of thrombin-induced platelet aggregation and secretion by E-64-d at a high concentration (1 m m~l / L ) .~' Such an effect was assigned to inhibition of calpain hydrolysis of protein kinase C, because it was shown that P47 and P20 were no longer phosphorylated. In contrast, Fox et alZ8 found no effect of calpain inhibition by calpeptin on phosphorylation of myosin light chain and P40. Furthermore, new synthetic inhibitors specific for calpain had little or no effect on platelet aggregation and secret i~n .~~ These results may be explained by the different specificities and mechanisms of inhibition of ~a l p a i n .~~ Moreover, such compounds could also react with a crucial free thiol group of other cysteine-dependent enzymes involved in the secretion process because it has been reported that platelet activation by ionophore A23 187, or the combined action of thrombin + collagen, results in a significant reduction of the total free sulfhydryl content of the platelet.2' One of these proteins might be aminophospholipid translocase because it probably has a free SH group(s) susceptible to react with the above agents" and it has been proposed that it might participate in the fusion mechanism leading to secretion.43
In conclusion, annexin V is a valuable probe to investigate the capacity of platelets to shed microparticles and to exhibit procoagulant activity. It offers a readily obtainable alternative to the light chain of factor Va that is currently used for this p~r p o s e .~ As aminophospholipids are ubiquitously distributed, annexin V can be used to study other cell types and species and pathologic situations in which these reactions may be expected to OCCUT.'~ Thus, flow cytometry with annexin V-F'ITC could be a rapid method to assess prethrombotic states without requiring the use of species-and activation-specific antibodies. Recently, the three-dimensional structure of annexin V has been re~olved,4~,~' and structural 
